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Abstract 
The size effect was considered in order to improve the prediction accuracy of forming load in the micro backward 
extrusion process of a Zr55Cu30Al10Ni5 BMG cup-shaped specimen. The ratio of the billet surface to volume near the 
working land of backward extrusion punch was proposed as size effect factor. Then the size effect factor was 
complemented into a backward extrusion load prediction formula of conventional macroscopic parts. The micro-sized 
BMG cups with different sidewall thickness varying from 20 μm  to 125 μm  were deformed in supercooled liquid state. 
The initial diameter of the billets is 600 μm and the experiments were conducted at Zwick/Roell Z200 Press. The 
forming loads were recorded and compared with the calculated values from the proposed prediction model. The results 
showed that the proposed model can predict the forming load with very small deviation. 
© 2013 The Authors. Published by Elsevier Ltd.  
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1. Introductions 
Nowadays, with the rapid development of information technology, micro-sized parts have been widely 
applied in many fields, especially for consumer electronics, medical instruments and military purposes. More 
and more attentions have been paid to the process difficulties caused by the reduction of the ideal products 
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dimensions, widely known as the size effect. The occurrence of size effect is the main factor that makes the 
basic mechanics and process technology of conventional macroscopic forming no longer practical in 
microscopic occasions. The size effect can be caused by the change of grain degree, specific surface area and 
lubrication conditions. And for crystalline materials, the change of grain degree introduced by the decrease of 
relative grain size to billet thickness act as the main influencing factor.  
Since 1960s, when Duwez discovered that the Au-Si liquid alloy system could reach the glass or 
amorphous state under rapid cooling condition, the unique characteristics of these new kind materials have 
been revealed. Today, the BMGs (Bulk Metallic Glasses) with high amorphous forming ability have been 
proved to possess perfect performances, such as high yield strength, large elastic limits, excellent soft-
magnetic properties (mainly for iron based BMGs), and outstanding  corrosion resistance. Though it has very 
poor plasticity at room temperature, super plasticity can be gained at its super cooled liquid state between Tg 
(glass transition temperature) and Tx (crystalline temperature). Efforts have been made by researchers to 
manufacture micro parts from BMG billets in super cooled liquid state. He,J.J researched the hot embossing 
of micro channel structure on Zr-based BMGs with silicon master mold. Jang carried out the forming 
investigation of amorphous alloy rods with a diameter of 2-6 mm. Jeong examined the micro formability 
behavior of Zr65Cu15Al10Ni10 alloy sheet by finite element methods and experiments. 
As discussed above, the size effect of micro forming using conventional crystalline materials is mainly 
caused by the change of grain degree. For BMGs, since they have no grain structure, they can be an effective 
solution. But researches have already revealed that during micro forming, BMGs still show a reduced size 
effect. So in this paper, we turned our attention to the size effect caused by the change of specific surface area 
at the deformation zone.   
Micro backward extrusion is an important method to manufacture micro components with cup-shaped 
structures, like connectors and pins. John A. Wert carried out the backward extrusion process of thin-walled 
cups. Saotome Y studied the superplastic backward extrusion of BMG micro gears. The typical forming 
process of backward extrusion is schematically shown in Fig 1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.1. Micro backward extrusion tools, d0 stands for the diameter of the initial billet and excircle of the extruded cups, d1 stands for 
the diameter of the punch or inner diameter of the extruded cups, h1 represents the height of the punch working land. 
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Current researches are mainly focused on the observations of deformation phenomenon, and only a little 
attention has been paid to the theoretical or formulary analysis of forming parameters. While in industrial 
applications, forming parameters prediction, especially for forming load, is of great importance for process 
design and tool manufacture. Chiu H M and Schroers J discussed the forming pressure and thermo plasticity 
of BMG hot embossed or extruded micro parts based on Hagen-Poiseuille equation. While for micro 
backward extrusion process, there does not have any relative discussions. Therefore, we conducted our 
research based on the micro backward extrusion process and selected the forming load as the research subject, 
to investigate the size effect on BMGs micro forming.  For conventional backward extrusion at macro scale, 
the forming load is predicted using Equation 1-5. 
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In above equations, )stands for the predicted forming load, 6 presents the contact surface area between 
punch and billet, S is the unit deformation force,  is the yield stress of the billet materials (for Zr55 
Cu30Al10Ni5, it is 40 MPa), and, is the friction coefficient, while DandE are the dimensional coefficients 
determined by the geometry of tools and billets. 
2. Experiments  
In this study, Zr55Al10Ni5Cu30 BMG was chosen as the billet material. The raw materials were copper die 
quenched as cylinders with different diameters from liquid state and examined by the XRD and DSC to 
validate they were consisted of pure amorphous phase. Billets for micro backward extrusion were cut from 
cylinders via WEDM with initial height of 1.2 mm. 
The experiments were carried out at an evaluated temperature of 725K at which the Zr55Al10Ni5Cu30 
BMGs are in their supercooled liquid state. The strain rate was set at 0.01s-1. Tools and billets were 
lubricated, and the friction coefficient was set as 0.1. We chose Zwick/Roell test machine to conduct the 
experiment and the forming load curve of every process was recorded. We chose tools and billets with 
different dimensions according to orthogonal test method, shown as Table 1.   
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Table.1. Forming parameters of micro backward extruded cups 
No. d0(mm) d1(mm) h1(mm) 
1 0.6 0.35 0.1 
2 0.6 0.4 0.1 
3 0.6 0.45 0.1 
4 0.6 0.5 0.1 
5 0.6 0.52 0.1 
6 0.6 0.54 0.1 
7 0.6 0.56 0.1 
 
Fig 2a is the SEM image of the extruded cup. According to Equation 1-5, we calculated the maximum 
forming load of each parameter configuration, and the formula calculated results were compared with the 
experimental recorded ones, in Fig 2b.  
 
       
Fig. 2. (a) SEM image of a extruded cup with initial billet diameter of 0.6 mm; (b) Forming load obtained from both experimental 
results and formulary calculation. 
As shown in Fig 2b, the experimental forming loads are higher than the formulary predicted ones. With 
the decrease of side wall thickness, both the forming load and the deviation between experimental results and 
formulary predicted ones increase dramatically. We can explain it from two sides. Firstly, it takes more 
energy and higher external stress for the supercooled materials to get through the smaller deformation zone. 
Secondly, the difference of deformation mechanism between conventional macro deformation and micro 
forming becomes more obvious with the size reduction. In other words, the size effect becomes more serious.  
Therefore, to improve the accuracy of forming load prediction, we have to take the size effect into 
consideration. We take the cup sidewall thickness around the punch working land as the critical deformation 
zone. And define the specific surface area of the critical deformation zone as the size effect factor [, in 
Equation 6-8.  
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By fitting the experimental results with multinomial, we gained the modified forming load prediction 
function, as Equation 9. Via this function, we got the modified prediction results, and listed them in Fig 3. It 
is obvious that the prediction accuracy has gotten a significant improvement. Especially at small sidewall 
thickness occasions, the modified function successfully implemented the size effect on load prediction.  
To validate the applicability of the modified function, we carried out another set of micro backward 
extrusion experiments with initial billet diameter of 1.2 mm, and the results were also displayed in Fig 3. 
Once again, the modified function fit the experimental results very well, and successfully confirmed its 
applicability for larger specimens. 
 
Fig. 3.  Forming loads of specimens with initial diameter of 0.6 mm (D0.6) and 1.2 mm (D1.2). 
3. Conclusions 
In this paper, we have conducted a group of micro backward extrusion process on Zr55Cu30Al10Ni5, and 
investigated the influence of size effect on the forming load prediction. Based on experimental results, a 
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modified function was proposed and validated. The forming load prediction accuracy has been improved. 
We have drawn some remarks: 
 When the sidewall thickness becomes larger, the prediction results of the conventional function, the 
modified function and the experimental results show less difference. It tells that the influence of size 
effect on forming load decrease with increase of sidewall thickness, i.e. the increase of deformation zone. 
 The modified function concluded from smaller specimens fits the experimental results of larger specimens 
well. This fact reveals that a precise forming load prediction model can be gained by taking the specific 
surface area of the critical deformation zone as the size effect factor. 
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